We report a direct observation of quantum dots formed spontaneously in a thick InGaN epilayer by high resolution transmission electron microscopy. Investigation of a ͑280 nm thick͒ In 0.22 Ga 0.78 N single layer, emitting in the blue/green spectral region, reveals quantum dots with estimated sizes in the range of 1.5-3 nm. Such sizes are in very good agreement with calculations based on the luminescence spectra of this specimen. © 2000 American Institute of Physics.
III-nitride semiconductors have been extensively studied in recent years as potential materials for solid state light sources. Highly efficient blue, green, amber, and red light emitting diodes ͑LEDs͒, have been obtained by using InGaN as the active layer. 1 The color of the light emitted by these LEDs is varied by changing the In composition and thickness of the active layer. Narukawa et al. 2 describe an InGaN multi-quantum-well structure that shows enhanced photoluminescence ͑PL͒ intensity, due to the quantized energy levels in the InGaN well layers. Transmission electron microscopy ͑TEM͒ and energy dispersive x-ray microanalysis on cross sections of such a multi-quantum-well structure revealed a variation in In concentration in the well layers. The main radiative recombination has been attributed to excitons localized in In-rich regions of the wells, which act as selfassembled quantum dots. The TEM images show rows of dark spots in the multiple quantum well structure, which were assigned to the quantum dots. Their diameters, ranging from 2 to 5 nm, were of the same order as the layer thicknesses.
Deliberate formation of self-assembled InGaN quantum dots has been reported using a range of techniques driven by strain-induced Stranski-Krastanov modes and/or phase separation. 3, 4 In all these cases ''pancake'' shaped dots are produced with diameter to height ratios in the range 3:1 to 9:1 and diameters in the range 4-40 nm. High areal dot densities (10 9 -5ϫ10 10 cm Ϫ2 ) are measured, with the larger values corresponding to the higher diameter to height ratios.
Luminescence measurements on Nichia blue/green diodes showed that a phase decomposition, in the InGaN quantum well, may lead to the formation of a nanostructure of nearly pure InN quantum dots of estimated sizes between 0.6 and 2 nm and of spherical shape. 5 Also noteworthy is the fact that despite a high density of threading dislocations, InGaNbased LEDs are highly efficient because of In composition fluctuations that compete successfully with dislocations as sites for localized electron-hole recombination. 1, 5 In this letter we provide direct evidence from high resolution electron microscopy that spherical quantum dots are formed in a single, 280 nm thick layer of In x Ga 1Ϫx N and show that their observed sizes match the size estimates derived from photoluminescence measurements.
A 280 nm thick In x Ga 1Ϫx N layer was grown at 780°C by metalorganic chemical vapor deposition on a 2 m GaN buffer layer deposited at 1080°C on a (0001)Al 2 O 3 substrate. The thickness and composition of the In x Ga 1Ϫx N layer, as well as its crystalline quality, were determined by Rutherford backscattering and channeling spectrometry ͑RBS͒. The overall In content of an In x Ga 1Ϫx N layer cannot be determined unambiguously by x-ray diffraction or photoluminescence measurements, since the estimate will depend on the elastic strain in the layer and on the band gap bowing parameter of the material, and these parameters are not well known. On the other hand, RBS allows direct and independent determinations of the composition and thickness of the layer to be made. 6 Since RBS is based on elastic atomic collisions, its results are independent of strain and/or optical and electrical properties. backscattering fitting code, a thickness inhomogeneity of approximately 45 nm was found. The spectrum measured along the ͗0001͘ direction indicated that the minimum yield min of the In 0.22 Ga 0.78 N layer is 12% ͑this is the ratio of the backscattering yields of the aligned and random spectra, which is a measure of the crystalline quality of the layer͒. The higher value of min compared to that of typical GaN layers ( min ϳ3%), reflects the much lower growth temperature used for In-containing nitrides. PL spectra of this layer show a dominant blue/green emission band at 2.3-2.4 eV and a full width at half maximum of 210 meV. Such spectra are typical of InGaN epilayers, quantum wells, and light emitting diodes, previously ascribed to nearly pure InN dots with a diameter of about 2 nm. It has been suggested that quantum dots in immiscible InGaN alloys should have a nearly uniform composition, approaching that of InN, embedded in a Ga-rich matrix. Increasing the In content increases the quantum dot mean size, while the dot composition remains unchanged. 5 Phase segregation has been observed several times in InGaN alloys grown by metalorganic chemical vapor deposition, especially for xϾ0. 3. 7,8 Although low resolution X-ray diffraction indicates no phase separation in the 280 nm thick In 0.22 Ga 0.78 N layer, TEM revealed the presence of 10-20 nm In-rich amorphous islands, aligned at the interface with the GaN buffer layer, and parallel to it at different depths in the InGaN layer. However, according to the PL data and following the calculations of Martin and O'Donnell, 9 the size of these islands is too big to produce luminescence in the blue/green region. Hence, we have to look for smaller sized features that could be related to the quantum effects. The direct observation of quantum dots of very small size by transmission electron microscopy is extremely challenging, as will be discussed below.
GaN and InN have a similar wurtzite-type structure with lattice parameters: aϭ0.318 92 nm and cϭ0.518 51 nm for GaN and aϭ0.3540 nm and cϭ0.5705 nm for InN. Between InN and GaN there is a rather large lattice mismatch of 0.099 in the direction of a and 0.096 in the direction of c. If we suppose that there are quantum dots of InN embedded in a GaN matrix, at their expected very small sizes, these can be considered as spherical coherent precipitates. Because of the lattice mismatch these will create a spherically symmetric strain field in the surrounding matrix, which will give rise to a specific ''coffee bean'' or ''butterfly'' contrast effect in the TEM images. 10 In the specific case of the In 0.22 Ga 0.78 N layer, the lattice parameters deduced from x-ray diffraction are a ϭ0.3253 nm and cϭ0.5281 nm. In this case, the calculated mismatch with an InN precipitate is 0.084 in the direction of a and 0.077 in the direction of c. Although this is smaller than the lattice mismatch between GaN and InN, it is still large enough to give rise to specific contrast for coherent inclusions in TEM images. Figure 2 shows a plan view bright field TEM image taken under the particular diffraction conditions where very small precipitates are best visible, i.e., where the matrix diffracts strongly. The figure depicts many precipitates showing the coffee bean contrast, which are randomly distributed. It is worth mentioning that the apparent size of the precipitates does not depend on their position in the layer depth, but on their actual size and misfit, which both depend on their composition. Since it is the strain field around the precipitate which generates the contrast, estimations of their absolute size are difficult and likely to give results that are larger than the actual objects. 11 The sizes of precipitates shown in Fig. 3 were estimated to be between 2-6 nm, which is in the dimension range of self-assembled quantum dots, reported in InGaN well structures. 2, 4 From Fig. 2 , considering the layer thickness of 280 nm, the density of quantum dots in the volume of the In 0.22 Ga 0.78 N layer would be around 10 14 cm
Ϫ3
. This value should be considered as an underestimation, since an error occurs in the volume calculation where the unknown actual thickness of the TEM specimen is smaller than the real thickness of the layer. On the other hand, the observed density of dislocations in this specimen was approximately 4ϫ10 9 cm Ϫ2 . Since threading dislocations are generated in the GaN buffer layer, the question still arises as to whether the features imaged in Fig. 2 are indeed small precipitates or dislocations seen end on.
In the attempt to solve this ambiguity and to obtain a more accurate determination of the quantum dot sizes, high resolution electron microscopy ͑HREM͒ was performed. It is worth mentioning that the atomic structure of defects can be imaged by HREM only if the defect has translation symmetry along the viewing direction. Therefore, only dislocations parallel to the viewing direction can be imaged and, moreover, only their edge component is revealed. 12 Threading dislocations have edge or mixed character and lie along the ͗0001͘ direction. 13 Figure 3 shows high resolution images along the ͓0001͔ zone axis of the In 0.22 Ga 0.78 N layer, where quantum dots were revealed. The dots consist of a core, the precipitate itself, showing a contrast similar to the matrix and a surrounding zone of strain showing a different darker contrast because the matrix lattice planes were displaced due to the presence of the isotropic coherent precipitate. Burgers circuits were drawn around several quantum dots as shown in Fig. 3͑b͒ . All circuits close by themselves indicating that the features images are not dislocations with an edge component which are seen end on. Therefore, the defects imaged by HREM could be either screw dislocations or inclusions of a different phase. Since screw dislocations along the c axis cannot be imaged by HREM along the ͓0001͔ zone axis, it can be concluded that the observed strain field is due to the presence of small coherent precipitates, i.e., to quantum dots. Moreover, a careful examination of the HREM images shows that the lattice parameter inside the quantum dot core is slightly larger than in the surrounding matrix, which is in agreement with quantum dots of a composition approaching InN.
The dimensions of the quantum dots in the In 0.22 Ga 0.78 N layer, i.e., the diameter of their core measured on different HREM images, can be estimated to be in the range of 1.5-3 nm. This is in very good agreement with the estimations of Martin and O'Donnell for the size of the quantum dots corresponding for the blue/green emission of InGaN layers. 9 Unlike self-assembled quantum dots which appear in the well structures as a result of a strain relaxation mechanism, 3, 14 in a thick single layer ͑280 nm͒ like the one studied here, the quantum dots are most probably formed by a phase separation process, as reported in Ref. 4 . Such a process is very likely to occur since composition fluctuations were observed in this specimen.
In conclusion, we have shown by transmission electron microscopy that phase segregation occurs on the nanoscale in a 280 nm thick In 0.22 Ga 0.78 N layer. The quantum dots thus formed, which are responsible for the observed blue/green luminescence, are 1.5-3 nm in size. These dimensions of the dots, as determined by HREM, are in very good agreement with those estimated from PL spectra of the same material. 
